In this paper, impact of meteorology derived from the Weather, Research and Forecasting (WRF)-Non-hydrostatic Mesoscale Model (NMM) and WRF-Advanced Research WRF (ARW) meteorological models on the Community Multiscale Air Quality (CMAQ) simulations for ozone and its related precursors has been comparatively evaluated over the eastern United States using surface network (AIRNow) data and over the Texas area with the intensive observations obtained by NOAA aircraft P-3 flights, ship and during the 2006 TexAQS/GoMACCS campaign. The NMM-CMAQ and ARW-CMAQ models were run on the basis of their original grid structures of the meteorological models. The results at the AIRNow surface sites showed that the model performance for ARW-CMAQ and NMM-CMAQ models was similar and reasonable for the high maximum 8-hr O 3 concentration range (>40 ppbv) with slightly better performance for ARW-CMAQ (the normalized mean bias (NMB) values of ARW-CMAQ and NMM-CMAQ are 8.1 and 9.4%, respectively). The results of the evaluation using aircraft observations over the Houston-Galveston-Brazoria and Dallas metropolitan areas revealed that both models had similar performances for different chemical species (O 3 , CO, PAN, NO 2 , NO, NO x , HNO 3 , NO y and ethylene) as both models use the same chemical mechanism and emissions. Both models reproduced the vertical variation patterns of the observed air temperature and water vapor well with the slightly lower values for the ARW-CMAQ model. The evaluation results with ship observations over the Gulf of Mexico showed that both models captured, with a good deal of accuracy, the temporal variations and broad synoptic change seen in the observed O 3 , NO y , CO and O 3 +NO 2 with the mean NMB value <25% most of the time.
conditions on ozone exceedance events has been examined by Pagnotti (1987) and Biswas and Rao (2001) . By examining the uncertainty associated with photochemical modeling using the Variable-Grid Urban Airshed Model (UAM-V) with two different prognostic meteorological models (e.g., the Regional Atmospheric Modeling System (RAMS) and Fifth-Generation NCAR / Penn State Mesoscale Model (MM5)), Biswas and Rao (2001) found that neither modeling system performed significantly better than the other in reproducing the observed O 3 concentrations.
The Weather, Research and Forecasting (WRF) model, a next generation mesoscale weather model, has been used to provide meteorological input for the Community Multiscale Air Quality (CMAQ) model. There are two dynamic cores within the WRF framework: the Non-hydrostatic Mesoscale Model (NMM) developed by NCEP (Janjić, 2003) and the Advanced Research WRF (ARW) developed by NCAR (Skamarock et al., 2005) . The WRF model is designed to provide a common framework for both operational numerical weather prediction and atmospheric research. The WRF-NMM focuses on operational aspects while the WRF-ARW focuses on research study. Based on an evaluation of these two models from two high-impact weather events during the winter season over Colorado, Szoke et al., (2007) found that there was clearly more precipitation in the WRF-ARW (maximum of 2-2.5 inches) than the WRF-NMM (1.75-2 inches). Overall, the WRF-ARW was the better forecast, with the larger area of heavier precipitation being closer to the observed amounts (Szoke et al., 2007) . The WRF-NMM model is the successor of the NCEP Eta model, which has been linked to the CMAQ modeling system (Otte et al., 2005) . This Eta-CMAQ model started to operationally forecast O 3 in June of 2004 for different domains in USA (Eder, et al., 2006 . In 2006, the Eta model was replaced with the WRF-NMM model to provide the meteorological fields for the CMAQ model. Compared to the Eta model, the ARW-NMM has the following three major improvements: (1) conform to the WRF data interface infrastructure, (2) adoption of 60 levels, upper-levels pressure-surfaces and lower-levels with a terrain following sigma-pressure hybrid coordinate, (3) non-hydrostatic approach.
The Houston-Galveston-Brazoria metropolitan area has a high density of petroleum refineries, synthetic organic chemical manufacturing plants and various mobile sources and is distinguished by the largest concentration of petrochemical industrial facilities in the U.S.
Due to these sources, this area is characterized by a high diversity of emissions of VOCs, CO and NOx, especially along the Houston Ship Channel. In addition, one of the largest electric utility power plants in the nation, the W.A. Parish facility, is located just outside of Houston.
In the study of the Houston urban plumes and petrochemical (Ship Channel) dominated plumes from the previous TexAQS 2000 campaign, Wert et al., (2003) found that petrochemical ethylene and propene emissions could alone account for the general rate and magnitude of extremely high O 3 (245 ppbv) and HCHO (32 ppv) The purpose of the study is to provide a better understanding of the sources and atmospheric processes responsible for the formation and distribution of ozone and aerosols in the atmosphere, their impact on human health and regional haze as well as the influence on the radiative forcing of climate over Texas and the northwestern Gulf of Mexico. This 2006 experiment resulted in a comprehensive set of measurements of chemical composition and meteorological variables, both from surface (ground sites and ship) and aircraft based platforms. These data can be used to examine in detail the performance of AQMs from a multipollutant perspective, in terms of their surface concentrations as well as vertical distributions, helping to identify deficiencies in existing models and provide guidance for further model enhancements/improvements. In this study, the WRF-NMM and WRF-ARW models are used to supply meteorological input to the CMAQ model. The objective of this study is to evaluate the impact of the meteorological fields generated by these two models on the CMAQ simulations for O 3 and its related precursors. The purpose of this paper is twofold. First, this study comparatively examines the impact of these two different meteorological fields on CMAQ simulations for vertical profiles of O 3 and its precursors on the basis of the extensive measurements obtained by aircraft and ship during the 2006 TexAQS/GoMACCS field experiment, especially, for three plumes produced by power plant, Houston and Dallas urban and Ship Channel over the Houston-Galveston-Brazoria (HGB) and Dallas-Fort Worth (DFW) metropolitan areas.
Second, the influence of these two different meteorological fields on spatial and temporal variations of O 3 over the eastern U.S. is evaluated against the observations from the AIRNow surface monitoring network.
Description of the modeling system and observational databases

Description of the modeling system
Since deployed during the summer of 2004, the Eta-CMAQ air quality forecasting system (Otte et al., 2005) , created by linking the Eta model (Rogers et al., 1996) and the CMAQ (Byun and Schere, 2006) , started to provide air quality forecasts over the different domains (Eder et al., 2006 (Eder et al., , 2009 . The Eta-CMAQ model performance for O 3 and PM 2.5 was comprehensively assessed with observations obtained during the 2004 ICARTT field experiment (Yu et al., , 2008 . In 2006, the Eta model was replaced with the WRF-NMM model to provide the meteorological fields for the CMAQ model to operationally forecast O 3 . The WRF model is a new state-of-science mesoscale model framework. It has become popular for various applications in the air quality community. Two dynamic cores are available within the WRF framework: NMM and ARW. The NMM core is a fully compressible hydrostatic NWP (Numerical Weather Prediction) model using mass based vertical coordinate, which has been extended to include the non-hydrostatic motions (Janjić, 2003) . The NMM core uses a terrain-following hybrid (sigma-pressure) vertical coordinate and Arakawa E-grid staggering for the horizontal grid. The ARW core is a fully compressible, Eulerian nonhydrostatic model with a run-time hydrostatic option available.
This core uses a terrain-following hydrostatic-pressure vertical coordinate with vertical grid stretching and Arakawa C-grid staggering for the horizontal grid.
In contrast to the Eta-CMAQ modeling system, WRF-NMM/CMAQ (NMM-CMAQ thereafter) uses the lowest 22 layered vertical grid structure of the 60 hybrid layers in WRF-NMM meteorological fields directly without vertical interpolation through the use of a common vertical coordinate system. The interface processor, PREMAQ (CMAQ preprocessor), was modified to post-process meteorological fields (for use by CMAQ) on the vertical grid and coordinate system used by the WRF-NMM. The updated processor code also reads data on the native WRF-NMM layer structure (currently 60 between the surface and 2mb) and performs the necessary calculations to transform them to a chosen number of few layers (the lowest 22 layers in this study) for the CMAQ simulations. These modifications enable the CMAQ calculations to be made on the same vertical coordinate and grid structure as the WRF-NMM and provide consistent coupling between the two modeling systems. On the other hand, for non-forecast (historical) applications, the WRF-ARW model has been employed to generate meteorological fields for CMAQ (WRF-ARW/CMAQ) (ARW-CMAQ thereafter) because the WRF-ARW meteorological model is compatible with CMAQ like MM5 before. In this study, both NMM-CMAQ and ARW-CMAQ are run during the 2006 TexAQS/GoMACCS period. Table 1 lists the setup of NMM and ARW dynamical cores, which are exercised with their own sets of physics. The version 3.0 of ARW is used in this study (Gilliam, and Pleim, 2010) . In terms of the NMM-CMAQ run, this study uses the results from the target forecast period (0400 Coordinated Universal Time (UTC) to next day's 0300 UTC) based on the 1200 UTC NMM-CMAQ simulation cycle over the domain of the continental United States (see Figure 1a ). In contrast, the ARW-CMAQ model was applied over a domain encompassing the eastern United States (see Figure 1b ) and was run continuously over the whole period. In both models, the lateral boundary conditions are horizontally constant and are specified by continental ''clean'' profile for O 3 and other trace gases; the vertical variations are based on climatology (Byun and Schere, 2006) . For both models, the thickness of layer 1 is about 38 m and the vertical coordinate system resolves the atmosphere between the surface and 50 hPa although each model uses different number of vertical levels as seen in Table 1 .
The emissions used in the NMM-CMAQ forecasting system are the same as those for the (2005) and Otte et al. (2005) . The biogenic emissions are calculated as by Otte et al. (2005) using Biogenic Emissions Inventory System (BEIS) version 3.12. Emissions from wild land fires were represented as a 7-year average and all of these emissions were injected into first model layer. Given the fact that both models use different map projections and grid staggering, it is difficult to make the WRF-ARW grid coverage identical to the WRF-NMM coverage. Several steps are taken to ensure that both the models are set up as consistently as possible so that the comparison of the two models is meaningful. First, the meteorological fields of ARW were padded by 5 cells in both x and y directions around the original meteorological domain when the meteorological fields were processed using Meteorology-Chemistry Interface Program (MCIP) to create the CMAQ-ready files. This helps match the larger NMM domain and smaller ARW domain sizes, and is able to use the emission data from the NMM-CMAQ forecast model. Second, the point source emissions were redistributed to the 34 layers according to the ARW meteorological fields on the basis of those from the NMM-CMAQ model. In addition, the ARW-CMAQ uses the same area sources such as the mobile and biogenic sources as those in NMM-CMAQ. Therefore, the total emission budgets for both models are the same. The Carbon Bond chemical mechanism (version 4.2) (Gery et al., 1989 ) was applied to represent photochemical reaction pathways in both models. Table 2 summarizes the comparison results of the ARW-CMAQ and NMM-CMAQ for the daily maximum 1-hour and daily maximum 8-hour O 3 concentrations for two groups: one using all data and the other only using an O 3 threshold of 40 ppbv. As can be seen, the Normalized Mean Bias (NMB) and Normalized Mean Error (NME) (Yu et al., 2006a) and September 6-9, 2006), both models have good similar performance with NMB<20% and MB<10 ppbv. In contrast, for the low O 3 concentrations periods, both models consistently overestimated observations by more than 20% in most of time with more overestimations by the NMM-CMAQ.
Observational databases
Results and discussion
Impact of meteorology on spatial and temporal variations of O 3 over the eastern
U.S. domain at the AQS sites
Influence of meteorology on vertical profiles for O 3 and its related species, and comparison of meteorological parameters aloft
To compare the modeled and observed vertical profiles, following Mathur et al. (2005) and Yu et al., (2007) , the modeled results were extracted by matching the positions of the aircraft to the model grid indices (column, row and layer). The hourly resolved modeled outputs were also linearly interpolated to the corresponding observational times. The observed and modeled data were grouped according to the model layer for each day and each flight; that is, both the observations and predictions were averaged along a particular aircraft transect at an approximate altitude (layer height), representing the average conditions encountered over the study domain. The flight tracks of the aircraft in Figure 2a and Table 3 show that the measurements onboard the P-3 mainly cover the Houston-Galveston-Brazoria metropolitan area except on 8/ 31, 9/11, 9/13, 9/16, 9/21 and 9/25 . All aircraft measurements were conducted in the daytime except on 9/29 as summarized in Table 3 for the flight objectives. Figure 5 presents observed and modeled vertical profiles for O 3 , CO, PAN, NO 2 , NO, NO x , HNO 3 , NO y and ethylene on the daily basis during the 2006 TexAQS period. The model performance for NO z (NO z = NO y -NO x ) and O 3 + NO 2 for the daytime hours (6:00 am to 6:00 pm) is shown in Figure 6 . Table 4 summarizes the results of comparison for the observations and models for all data. Note that ARW-CMAQ and NMM-CMAQ use 34 and 22 layers, respectively, between the surface and 100 hPa, and only observation results grouped according to the ARW model layer are shown in Figure 5 for observations to avoid overcrowding.
As shown in Figure 5 , both models generally reproduce the observed O 3 vertical structure with the better performance in the middle altitude (~800 m) although both models tended to overestimate in the high altitude (>3000 m) and underestimate in the low altitude (<300 m) (see the mean lines in Figure 5 ). On the other hand, a noticeable discrepancy is that both models tended to overestimate CO, PAN, NO x , NO, NO 2 , HNO 3 , and NO y at the low altitudes although both models were close to the observations for NO x , NO, and NO 2 at the high altitude (above 1000 m) as their concentrations were very low. The mean values of NOx, NO, NO 2 and NO y in Table 4 reveal that both models overestimated these species by more than a factor of 2. Since the aims of the aircraft observations were to characterize the emission sources from the plumes of the power plant, Houston urban and Ship Channel over the Houston-Galveston-Brazoria metropolitan and Dallas areas as listed in Table 3 . The results suggest that the emission inventory used has too high NO x emissions from these sources over two metropolitan areas. The better model performance for O 3 +NO 2 than for O 3 at the low altitudes (below layer 4 (~150 m)) for both models as shown in Figures 5 and 6 (also see Table 4 ) also reveals that the both models exaggerated the effects of NO titration on O 3 . Both models consistently overestimated PAN, HNO 3 and NO y but underestimated CO at high altitudes as shown in Figure 5 . Because ethylene emission is one of reasons for extremely high O 3 (such as 245 ppbv) concentrations observed in the Ship Channel plumes (Wert et al., 2003) , the underestimations of ethylene by ~50% by both models (see Figure 5 and Table 4 ) contributed to the underestimation of O 3 at the lower altitudes. Both models also underestimated biogenic VOC (terpenes and isoprene) systematically by more than a factor of 2 (Yu et al., 2011) . Thus, improvement of the NO x and VOC emission inventories over the Texas region is recommended in order to achieve better model results for these species.
Following Arnold et al., (2003) and Yu et al., (2006b) , the upper limits of the net ozone production efficiency value (ε N ) can be estimated by the O 3 -NO z slope for models and observational values for the period with the observed (O 3 )/(NO x )>46 (aged airmass) during the daytime (6:00 am to 6:00 pm local standard time (LST)) to ensure that the system is well out of the radical-sensitive region of the response surface. Figure 6b and Table 4 indicate that there is significant correlation between O 3 and NO z for observations and both models (r>0.68). The ε N value for ARW-CMAQ (3.4) is slightly higher than NMM-CMAQ (2.7), and both are ~30% lower than the lower bound of the estimated range (5-10) as shown by Olszyna et al. (1994) at rural sites in the eastern US. In contrast, the observed ε N value (8.4, see Table 4 ) is close to the median value of the estimated range of other investigators (Olszyna et al., 1994) . Figure 6b also indicates that both models produced less O 3 at the high NO z regime. The vertical profiles of NO z in Figure 6a show that the NO z concentrations for both models were higher than the observations from low to high altitudes (see mean values in Table 4 ). As pointed out by Yu et al. (2006b) , this behavior is because the model chemistry produces more terminal oxidized nitrogen products than inferred from observations, thereby contributing to the noted underestimation of ε N values. The intercepts (background O 3 ) from both models are ~10 ppbv higher than the observation. Because both models use the same chemical mechanism and emission, it is reasonable for both models to have similar results as shown in Table 4 and Figures 5, 6 although NMM-CMAQ has slightly higher concentrations for O 3 , CO, PAN, HNO 3 , ethylene, and NO z . Figure 6c shows that both models reproduced the vertical variation patterns of the observed air temperature and water vapor well, especially for temperature. Specifically, the modeled temperatures are slightly lower than the observations and the mean temperature of the ARW model is slightly lower than that of the NMM model (see Table 4 ). This finding is in agreement with that of Bernardet et al. (2007) , who found that the WRF-NMM was consistently half a degree warmer than the WRF-ARW on the basis of the winter forecast experiment of the Development Testbed Center from January to March 2005. This is traced to difference in the initialization method used by meteorological models. On the other hand, both models also underestimated the observed water vapor slightly although the mean water vapor of the NMM model was very close to the observations at the low altitudes as shown in Figure 6c . The water vapor concentrations of the NMM model are also slightly higher than those of the ARW model as indicated in Table 4 .
Time-series comparisons over the Gulf of Mexico with the Ronald H. Brown ship observations
The cruise tracks of the NOAA Ronald H. Brown ship in Figure 2 Table 5 ). The coastal region actually is a transition zone between the maritime boundary layer with the relatively constant 600-m mixed layer depths over the Gulf of Mexico and deeper daytime mixed layers inland. This complexity over the coastal region of the Gulf of Mexico causes the model to be unable to simulate the transport well over the land-ocean interface. One of the possible reasons for the large model overestimations for coastal grid cells is that the model's boundary layer mixing cannot resolve steep subgrid land-to-sea gradients .
Like the above analysis for the aircraft observations, the upper limits of ε N values were estimated by the O 3 -NO z slope for the studied period over the Gulf of Mexico with the observed (O 3 )/(NO x )>46 during the daytime (6:00 am to 6:00 pm). A similar conclusion to that of the aircraft was obtained, i.e., the ε N value of ARW-CMAQ (3.5) is slightly higher than NMM-CMAQ (2.8) and both are much lower than the observed value (7.9) as shown in Figure 8 and Table 5 . This finding is not surprising due to the fact that the observations along the coast of southeastern Texas over the Gulf of Mexico on ship from August 5 to September 11 were just outside of the Houston-Galveston-Brazoria metropolitan area where most of aircraft measurements also took place as shown in Figure 2 . Figure 9 shows that both models reproduced the temporal variations seen in the observed temperature, wind speed and direction, and insolation along the ship track most of time, especially for temperature. The summary results of Table 5 show that the NMM model has the better performance for these meteorological parameters than the ARW model. In contrast to the results over the land on the basis of P-3 (see Table 4 ), the temperatures of both models are slightly higher than the observations and the mean temperature of the ARW model is slightly higher than that of the NMM model over the Gulf of Mexico as seen in Table 5 . Figure 9 shows that most of the time both models reproduced the diurnal variations in the observed incoming solar radiation very well along the ship track, except peak of 8/10 (the NMM model seriously underestimated) and peak of 9/9 (the ARW model seriously overestimated).
Spatial misplacements and irregularity of predicted cloud cover in both models resulted in the overestimations and underestimations of solar radiation (not shown). profiles from NOAA P-3 aircraft over the Houston-Galveston-Brazoria and Dallas metropolitan areas, both models showed very similar performance for different chemical species (O 3 , CO, PAN, NO 2 , NO, NO x , HNO 3 , NO y and ethylene) as both models use the same chemical mechanism and emission. NMM-CMAQ has slightly more overestimations for O 3 , PAN, HNO 3 , NO z but slightly less overestimations for NO x , NO, NO 2 , and NO y than ARW-CMAQ. On the other hand, both models reproduced the vertical variation patterns of the observed air temperature and water vapor well with the slightly lower mean values for the ARW-CMAQ model. This behavior is traced to difference in the initialization method used in he meteorological models.
Conclusions
The capability of both models to reproduce the observed pollutants along the coast of southeastern Texas over the Gulf of Mexico was found to be highly variable due to the fact that there were land-sea contrast, the sea-breeze circulation, land-use differences and alongshore coastal terrain irregularities. Both models captured, with a good deal of accuracy, the temporal variations and broad synoptic change seen in the observed O 3 , NO y , CO and O 3 +NO 2 with the mean NMB value <25% along the ship track most of the time, although with some occasional major excursions. According to the ship data, NMM-CMAQ has slightly more overestimations for CO, NO y , NO 2 , NO x but slightly less overestimations for O 3 , NO z , and PAN than ARW-CMAQ.
Both models consistently underestimated NO and ethylene, suggesting that the models may have not included some emission sources of NO and ethylene over the Gulf of Mexico. On the basis of O 3 -NOz slope, the upper limits of the ozone production efficiency values for both aircraft and ship data were slightly lower for the NMM-CMAQ (2.7 to 2.8) than the ARW-CMAQ (3.4 to 3.5). In contrast to the results over the land on the basis of aircraft, the mean temperature of the ARW-CMAQ is slightly higher than the NMM-CMAQ over the Gulf of Mexico and both modeled temperatures are slightly higher than the observations. This behavior may be due to the fact that both models overestimated solar radiation (i.e. slightly higher NMB for ARW-CMAQ (5.8%) than NMM-CMAQ (1.8%)).
In light of the uncertainties in the photochemical mechanisms, prognostic model forecasts of meteorological fields and emissions, the overall performance of both models during the 2006 TexAQS/GoMACCS campaign can be considered to be reasonable. Given the fact that although WRF-ARW and WRF-NMM use different dynamic cores but are based on the same knowledge of state-of-science for the meteorological processes within the WRF framework, it is not surprising that ARW-CMAQ and NMM-CMAQ showed similar performance for O 3 and its related species. In fact, the reasonable performance of NMM-CMAQ is impressive as it is run in a real-time forecast mode for the national air quality forecasting. 
